Aortic valve interstitial cells are responsible for maintaining the valve in response to their local mechanical environment. However, the complex organization of the extracellular matrix means cell strains cannot be directly derived from gross strains, and knowledge of tissue structure-function correlations is fundamental towards understanding mechanotransduction. This study investigates strain transfer through the valve, hypothesizing that organization of the valve matrix leads to non-homogenous local strains. Radial and circumferential samples were cut from aortic valve leaflets and subjected to quasi-static mechanical characterization. Further samples were imaged using confocal microscopy, to determine local strains in the matrix. Mechanical data demonstrated that the valve was significantly stronger and stiffer when loaded circumferentially, comparable with previous studies. Micromechanical studies demonstrated that strain transfer through the matrix is anisotropic and indirect, with local strains consistently smaller than applied strains in both orientations. Under radial loading, strains were transferred linearly to cells. However, under circumferential loading, strains were only one-third of applied values, with a less direct relationship between applied and local strains. This may result from matrix reorganization, and be important for preventing cellular damage during normal valve function. These findings should be taken into account when investigating interstitial cell behaviours, such as cell metabolism and mechanotransduction.
INTRODUCTION
Studies have shown that the aortic valve functions in a complex manner, with co-ordinated movement of its constituent parts [1] [2] [3] . The valve cells and the three micro-anatomical layers of tissue, namely the fibrosa, spongiosa, and ventricularis, interact with each other to optimize valve function under the complex loading environment of the cardiac cycle [4] [5] [6] . This unique and highly dynamic environment results in a range of compressive, tensile, and shear forces within the valve, which can influence cellular functions through a variety of mechanoreceptors. Several studies have attempted to define the mechanical forces to which the valve tissue is subjected during different physiological and pathological conditions, highlighting the variable stress distribution through the valve layers [7] and also the re-orientation of the collagen components at high strains [8] . However, the mechanisms of strain transfer to the cellular component within the valve remain unknown, and subsequently the exact strains on the cells during loading are difficult to define, due to the specific nature of the extracellular matrix (ECM) which transmits forces to the valve interstitial cells (ICs).
The extracellular matrix of the valve is maintained by the ICs, a heterogeneous and dynamic population of specific cell types, with clear phenotypic differences from dermal fibroblasts [9] [10] [11] [12] [13] . These cells appear contractile in nature, sharing characteristics and cell markers with skeletal, cardiac, and smooth muscle cells [14, 15] . The surface of the valve is covered with a layer of endothelial cells, also shown to have contractile properties, and these cells have recently been shown to play a role in controlling the mechanical properties of the valve itself [16] .
When seeded into a collagen gel, the valve ICs have been shown to form networks, and are able to generate a specific pattern of force within the gel, unlike that seen with other cell types [17] . The ICs are thus considered a unique cell lineage, native to the valve alone, and are recognizable as elongated cells with many long, slender processes extending throughout the valve matrix [18, 19] .
These cells have been shown to respond to external mechanical stimuli by changing their phenotype, suggesting the importance of mechanical stimuli as a mechanism for influencing the structure and function of the heart valves [20] . Recent findings suggest that valve ICs are able to respond to local tissue stress by altering cellular stiffness and collagen biosynthesis; factors which may be crucial in maintaining valve tissue homeostasis [21] . However, previous studies examining mechanotransduction of valve cells have assumed that the gross strains experienced by the valve tissue are transmitted directly to the cells, and have employed strains of up to 20 per cent to determine the response of the cells to these gross level hemodynamic forces [22] . Studies have indicated that a physiological valve pressure of 90 mmHg leads to a change in the aspect ratio of IC nuclei [21] indicating that strain is transferred to the cells. However, an additional more recent study in fixed tissue has indicated that nucleus deformation is not linearly correlated to applied deformation, suggesting that strain transfer is not direct [23] . In order to investigate accurately the IC response to strain and interpret their mechanotransduction behaviour, it is necessary to understand the local mechanical environment to which they are responding.
Investigating the biomechanics of biological tissue is complex, and even more challenging in a tissue such as a heart valve, which has such a complex structure. Biaxial loading experiments have indicated that the valve is significantly stiffer in the circumferential direction, and that radial strains are between 3 and 6 times larger than circumferential strains [24, 25] . However, while the complex structural organization of the valve is well known [3] , and it is possible to collate gross mechanical data on the valve response to load, it is currently unclear how this structure facilitates the required deformation of the valve during loading, and how the deformation mechanics may influence the local strain fields and the mechanotransduction cues at a cellular level.
This study utilizes uniaxial testing and develops a methodology for the detailed analysis of the relationship between gross and localized strain in both the circumferential and radial orientation of the tissue. Macroscopic mechanical testing is used to validate the system and collate tissue level mechanical data on the valve behaviour under circumferential and radial loading, using identical testing conditions in each plane. Microscopic analysis techniques are utilized to examine how gross strains are transferred through the tissue, and thus determine local strains in the matrix, perceived at a cellular level. It hypothesizes that the extracellular matrix plays a role in controlling strain transfer throughout the valve, hence its anisotropic arrangement will lead to different micromechanical, as well as gross mechanical, responses in the circumferential and radial directions.
MATERIALS AND METHODS
Two-year-old female porcine hearts (n = 32) were obtained from a local abattoir within 4 h of slaughter. The aortic valve was rapidly dissected close to the sinus wall, and the three cusps of the valve (left coronary, right coronary, and non-coronary; Fig. 1 ) were separated and placed into individual sterile universal tubes, filled with Dulbecco's Modified Eagle's Medium (DMEM; Sigma, Poole, UK) prior to analysis. All specimens were tested and disposed of within 36 h of slaughter.
The valve was spread across an impermeable foam board, where it was held in place by surface to show the three valve cusps and the orientation in which circumferential and radial specimens were cut tension in the layer of DMEM. A single dumb-bellshaped specimen was cut from each of the three cusps, using a stamp with a neck width of 4 mm and central test length of 10 mm. Specimens were cut with the long axis of the dumb-bell following either the circumferential or radial orientation of the cusp, as shown in Fig. 1 . Specimens were then returned to the DMEM, prior to either macroscopic or microscopic analysis. Comparing circumferentially and radially cut specimens from each of the three valve cusps resulted in six sample groups for analysis.
Macroscopic analysis
Between 11 and 12 specimens for each sample group were subjected to uniaxial tensile testing to failure. Prior to testing, the thickness of each dumbbell was measured to 6 0.5 mm using a non-contact laser micrometer (LSM-501, Mitutoyo Corp., Japan). Each specimen was placed in a customized measuring chamber, allowing the neck region of the dumbbell to be moved slowly through the laser beam, taking thickness measurements every 0.5 mm along the 2.5 mm region. Each sample was secured for testing, so the grips gripped both the wider ends of the dumb-bells, and left only the central 10 mm length in the testing region, resulting in a rectangular test shape of measured cross-sectional area for analysis. Individual specimens were secured in a mechanical testing machine with a 50 N load cell (Bionix 100; MTS, Cirencester, UK), and strained to failure under displacement control. Pneumatic tensile test grips with a rubber surface were used to securely grip the specimen without damage or slippage. Each specimen was secured in the top grip and allowed to hang free while the bottom grip was raised to create a test length of 10 mm. The specimen was then placed against the rubber edge of the grip, using the surface tension to hold the specimen taut and in position while the bottom grip was secured. Specimens were then taken to a tare load of 0.1 N before the application of strain to failure, at a rate of 0.1 mm/s (60 per cent/min), with force data recorded at a frequency of 20 Hz. Hydration was maintained throughout testing by spraying the specimen with DMEM.
Stress-strain data were calculated for each specimen, and subjected to smoothing using a five-point moving average filter prior to plotting. From each curve, the stress and strain values at the point of failure were determined, and referred to as the ultimate tensile stress (UTS) and strain to failure, respectively. In addition, a continual modulus curve was calculated from the stress-strain curve, using 0.01 per cent strain increments, over every eight data points. From the modulus curve, the maximum modulus value for each specimen was identified.
Microscopic analysis
Four or five specimens were subject to microscopic analysis from each of the six sample groups. The dumb-bell specimens were incubated in a 5 mmol/l solution of Acridine orange (Sigma) in DMEM, for 1 hour at 37°C to stain the cell nuclei. Individual specimens were secured in a displacement-controlled tensile test rig, as previously described ( Fig. 2; [26] ), using the same process of employing surface tension to ensure all leaflet undulations were removed and the zero per cent strain position controlled. Once secured, each specimen was covered with DMEM, and the rig was mounted on the stage of an inverted confocal laser scanning microscope (UltraView; Perkin Elmer, Cambridge, UK). This system enabled accurate, real-time visualization of the cells as the tissue was loaded, using a 3 10 magnification objective lens (Nikon, Kingston-Upon-Thames, UK) and a Krypton/Argon laser, exciting at 488 nm (Coherent, Ely, UK).
A group of ICs were located and imaged in a region approximately equidistant from each grip, and at a depth approximately 50-80 mm into the showing the objective lens focusing up onto the specimen; and (b) photograph of the rig in situ on the microscope stage specimen ( Fig. 3(a) ). From the group of cells, an identifiable marker cell was chosen for tracking during straining. The specimen was subjected to uniaxial tensile strain, applied in grip-to-grip increments of 2.5 per cent, up to 30 per cent strain. At each increment, the marker cell was identified, returned to its original starting position on the confocal image, and an image of the same group of cells was captured. The resultant series of images was analysed using specialized object tracking image software (Imaris, Bitplane AG) to track the movement of the cell nuclei at each strain increment, and use the coordinates of the centroid of every cell nucleus to infer the local matrix strains. In each two-dimensional (2D) slice, nuclei were tracked at each applied strain increment, and then strain triads used to calculate the local strains, following previously described methods ( [27, 28] ; Fig. 3(b) ). To briefly review, displacement vectors were determined for each cell, relative to the initial location, based on pythagorian theorem ( Fig. 3(b) ). From this the Lagrangian finite strain tensor can be used to describe the new location from the initial state
where E ij is a measure of the shear and normal strain. As it is symmetrical, the shear strains are lost in the principal coordinate direction, making it possible to define a stretch ratio
and giving the Lagrangian principle strains as
Statistics
Single factor analysis of variance (ANOVA) with a least significant difference test were used for statistical analysis, alongside parametric Student's t-tests for multiple comparisons of unpaired data. P\0.05 indicated a statistically significant difference.
RESULTS

Macroscopic analysis
The grips successfully held the specimens during quasi-static testing, leading to failure in the middle of the specimen in 93 per cent of the specimens. The remaining five specimens either slipped during testing or failed at the site of gripping and were subsequently disregarded from the data analysis. Typical stress-strain and modulus curves for two left coronary specimens, loaded in the radial and circumferential axes, are presented in Fig. 4 . Specimens cut in both orientations exhibited loading curves with a toe region, followed by a more linear region to failure. However, the anisotropic nature of the tissue was highly apparent, with a significantly stiffer and stronger response when specimens were loaded in the circumferential direction compared to the radial. The mean UTS and mean maximum modulus values, calculated from all specimens in each test group, are shown in Fig. 5 . Although each cusp showed a statistically significant difference between its mechanical behaviour when loaded in the circumferential and radial directions, no significant differences were recorded between the data obtained from the three cusps. The UTS in the circumferential direction was in the range of 3.7 to 4.3 MPa, which was approximately eight times greater than in the radial direction ( Fig. 5(a) ). By contrast the strain to failure was on average three times greater in the radial than the circumferential direction. The maximum modulus values demonstrated a similar trend, with mean values ranging from 10.3 to 13.2 MPa in the circumferential direction compared with 1.2 to 1.6 MPa in the radial direction ( Fig. 5(b) ). 
Microscopic analysis
Acridine orange brightly stained the nuclei of the ICs, with little background fluorescence from the collagen ( Fig. 3(a) ). Figure 6 (a) shows the mean local strains at 30 per cent applied strain, for specimens removed from each of the cusps. As noted in the macroscopic analysis, no significant differences were apparent between the behaviour of the three cusps, therefore the data were combined to demonstrate the mean relationships between applied and local strain, comparing the circumferential and radial specimens ( Fig. 6(b) ). The large error bars in Fig. 6(a) highlighted the variability in strains across the samples; however, the data consistently indicated that the local strains in the sample were greater when gross strain was applied in the radial direction compared with the circumferential.
After an initial minimal response, the local strains in the radial direction consistently increased in a linear manner, maintaining a value approximately two-thirds of the strain applied. The local strains when tension was applied in the circumferential direction also increased linearly, but remained smaller, at around one-third of applied values.
DISCUSSION
This study adopted macroscopic and microscopic analysis techniques to examine the mechanical Fig. 4 Typical data for the mechanical properties of the left coronary valve cusp in the radial and circumferential direction: (a) stress-strain curves from quasi-static testing to failure, smoothed using a five-point moving average filter; and (b) continual modulus curves, calculated over every eight data points at 0.01 per cent increments along the stress-strain curves and smoothed with a five-point moving average filter properties of porcine aortic valve cusps, and investigate the transfer of strain through the valve tissue to the cells. Data clearly confirmed the anisotropy of the valve cusps at a macro and micro level, but also highlighted that circumferential and radial strains are experienced by ICs in a different manner. While biaxial testing is undoubtedly more physiological in nature, collagen kinematics varies between biaxial and uniaxial testing conditions [29, 30] . Hence the use of simple uniaxial loading allows the effects of deformation purely in that direction to be isolated and investigated, without the potential of compounding effects from other strain directions. This simplification of the complex, biaxial loading environment of the valve in situ, thus enables the isolation and investigation of specific aspects of the tissue's behaviour, also reducing some of the difficulties associated with estimating gauge length and aspect ratio in biaxial testing [1] . Macroscopic and microscopic analysis techniques were standardized, maintaining constant and reproducible specimen dimensions in order to provide comparable data on specimen stiffness [31] . However, owing to the temporal constraints of imaging during microscopic analysis, the strain rates of macroscopic and microscopic analysis were at variance, leading to possible viscoelastic differences between the data sets [31, 32] . While stress relaxation was likely to occur before the imaging period in microscopic analysis samples, tests in each group were carried out in an identical manner to enable direct comparison of data sets. Changes in the local strains during stress relaxation have previously been reported in other tissues [33] , however, these changes occurred very rapidly, indicating that the imaging period reported in the current study is likely to be after stress relaxation effects have occurred. In addition, imaging from both sides of the valve was carried out in a randomized fashion in these experiments. A previous study has demonstrated that changes in the nucleus aspect ratio under pressure are layer dependent [23] , and it is possible that local matrix strains may also be different within the ventricularis and fibrosa. However, the results in this study were consistent between samples, with no clear evidence of layer-dependent differences in strain parameters. The culture time for most samples prior to use, was around 6 h in DMEM. However, two samples were maintained overnight, with one kept for 31 h. Previously published data has demonstrated alterations to some of the biological properties of aortic valves kept in DMEM for 48 h, such as a decrease in a-SMA expression of the leaflet [34] . However, a direct comparison of strain data from the longer term incubation, and more rapidly tested samples highlighted the same trends in strain transfer with no significant differences in quantitative values.
The results demonstrated highly significant differences in the gross mechanical properties of the valve cusps when loaded in the circumferential and radial directions, with UTS values eight times greater in circumferentially loaded samples, and the strain three times greater in the radial orientation. These data correlate well with the range of previous mechanical characterization studies in the valve, which have demonstrated the highly anisotropic nature of valve tissue, in which the ability to resist deformation is nearly entirely confined to the circumferential loading direction [35, 36] .
A range of structural studies have attempted to analyse the composition and organization of the aortic valve, in order to help interpret mechanical data. The predominantly circumferential orientation of collagen within the fibrosa layer of the unstrained valve was first reported, providing a clear indication of why the valve reports much stiffer properties in the circumferential direction [24] . More recent studies have further developed this work, to investigate how the valve operates during loading and how the matrix organization enables the strains of up to 80 per cent reported in vivo [4] [5] [6] . The valve has been shown to be continually preloaded, with the ventricularis under tension and the fibrosa compressed, leading to variable stress distributions through the layers during loading [24] . With collagen fibres only capable of around five per cent strain without permanent damage [37] , it is evident that extracellular matrix reorganization must occur to enable tissue extension, and a number of studies have attempted to investigate this. The macroscopic crimped nature of the valve has been reported to enable strains of up to 17 per cent under very low load levels [38] . In addition, it has been hypothesized that the elastic fibres create an open cell foam around the collagen, which is critical for enabling large movements between collagen fibres and returning them to their original organization on the removal of strain [38] . In agreement with this, small angle light scattering has demonstrated the circumferential orientation of collagen fibres within the valve at rest, and changes in this alignment under high strains, in order to redistribute load [39] .
The current study has provided a new method of investigating local matrix changes during loading, looking in more detail at the local strains, by using the cells as strain markers within the matrix. Under microscopic strain analysis, the tissue was strained to a gross level of 30 per cent, and the local strains within the tissue examined in both the radial and circumferential directions. It should be noted that the applied strain of 30 per cent related to a significantly different percentage of the UTS and strain to failure in each of the two loading direction. Although it equated to around 70 per cent of the UTS and 55 per cent of the stress to failure in the circumferential direction, it accounted for only 20 per cent of the strain to failure and less than 10 per cent of the UTS in the radial direction. In addition, it is important to acknowledge that the same global strain in both directions does not occur at the same time in vivo. However, comparing the same displacement increments allows the strain transfer trends to be determined, and it was apparent that a greater proportion of the applied strain was transferred through the matrix to the cells when strain was applied in the radial direction, compared to the circumferential direction.
Notably, the local strains were always smaller than the applied strains, in both directions. As in all mechanical testing, some of the loss may well be attributable to grip effects, the measurement of grip-to-grip gross strains, or the definition of the zero per cent strain point. However, this alone could not account for all the loss of local strain, and the increment to increment ratio of applied and local strain was always less than 1:1. Furthermore, radial and circumferential samples were analysed in an identical manner, to ensure that the two data sets could be directly compared. Radial specimens demonstrated minimal local strains during the first five per cent of applied strain. However, beyond this point, the relationship between applied and local strain was linear, with local values consistently around 60 per cent of the applied strain, at every increment. By contrast, the uptake in local strain in the circumferential direction was immediate. However, mean local strains were no larger than 10 per cent, even at 30 per cent applied strain.
With minimal collagen aligned in the radial direction to resist deformation or facilitate more complex strain transfer mechanisms, direct transfer of the applied strain through the tissue in the radial direction would seem appropriate. However, it was notable that 30 per cent of the applied strain was not seen at the local level, between cells. This loss may have been artifactual, related to either the location of the zero per cent strain point, with a notable lag of five per cent applied strain before local strains developed, or a result of allowing stress relaxation prior to imaging. However, it may also reflect an inherent property of the tissue, whereby the mechanisms available for matrix rearrangement under loading are capable of shielding the cells from some of the applied strain.
Whichever mechanisms were responsible for strain transfer in the radial direction, it was notable that the tissue responded in a different manner when strain was applied circumferentially. Under circumferential strains, local strains rarely exceeded 10 per cent even under applied values of 30 per cent. The difference in local strain parameter when loading in the two directions strongly indicates that the organization of matrix within the valve tissue acts to reduce direct tensile strain transfer to cells in the circumferential direction.
A variety of connective tissues demonstrate a reorganization of the extracellular matrix under gross applied strain, leading to non-homogenous local strain fields. Cartilage tissue has been shown to get stiffer with depth from the articulating surface, with the local stiffness increasing from 21 to 560 per cent of the reported 'homogenous' mean value, as the collagen becomes more closely orientated to the loading direction [40] . Other tissues, such as tendon and the intervertebral disc, have demonstrated a complex structural reorganization of the extracellular matrix under gross applied load, to enable strain transfer and tissue deformation [41, 42] . When these tissues are strained in the same plane as the collagen orientation, it has been suggested that they extend through sliding between the adjacent collagen components instead of direct extension of the collagen matrix [42, 43] . This leads to minimal tensile strain at a local level, but significant shearing of the cells, which could not be directly elucidated from gross strain values [44] , and it has thus been hypothesized that the matrix behaviour provides a mechanism of shielding the resident cells from excessive and damaging strain conditions. Such sliding mechanisms have also been implicated for facilitating extension of the chordae tendineae under loading [45] .
These present data suggest that such a hypothesis may be applicable to describe valve extension also. This would seem appropriate, as the gross strains recorded in valve tissue under physiological loading conditions are very large [25] , which would require a huge degree of distortion of viable cells.
The micro-structural characterization carried out in the present study shows reproducible, directional dependent local strain values, which are notably lower under circumferential than radial loading. Under circumferential strain, the sample is being loaded parallel to the collagen direction, indicating that collagen rearrangement may help facilitate the necessary extension response, while still protecting the cells from excessive strain. As such, the physiological loading conditions for ICs within valve tissue may incorporate not only a direct biaxial component, but also shearing forces, as the matrix acts to facilitate extension.
An investigation into the role of different matrix components in controlling tendon micromechanics, has indicted that collagen sliding mechanisms are controlled by the proteoglycan and glycosaminoglycan (GAG) components of the tissue [46] . GAGs are known to be present within the valve also, particularly within the spongiosa, and it has been demonstrated that they contribute to the both the geometry and extensibility of the tissue [47] . Removal of the GAGs reduced the thickness and water content of the valve, and also significantly increased its flexural rigidity [47] . Indeed, it has been hypothesized that the GAG-rich spongiosa layer may be present predominantly to enable shearing between the valve surfaces, however the mechanisms through which this may occur remain unclear [48] .
As reported in many connective tissues, the induction of mechanotransduction pathways is essential for the maintenance and functionality of the valve tissue [49, 50] . In the developing heart, it has been shown that hemodynamic forces are required to support organogenesis, and it has also been suggested that shear forces are necessary for normal valve development [51] . Tissue engineering ultimately aims to utilize mechanotransduction in order to control suitable matrix production. Successful tissue engineering thus requires an understanding of the loading conditions experienced by the cells under physiological conditions, to establish how this controls matrix production. Although it is appreciated that these data do not describe cell strains and thus can not be used to infer mechanotransduction behaviour directly, they provide exciting insights into the local micromechanics of the matrix during loading, demonstrating that valve anisotropy occurs not only at a macro level, but also in micro-level local strain fields, and providing the basis for future mechanotransduction studies.
CONCLUSIONS
This study has highlighted the non-homogenous relationships between gross strain applied to the valve and that seen by the cells, indicating that the cells are subjected to significantly smaller strains than would be anticipated directly from an understanding of gross valve mechanics. These findings have important applications. A thorough understanding of the intricate morphology and mechanics of the valve will provide essential insights into the design of an ideal valve replacement [52] . However, in addition, a clear knowledge of the relationships between physiologically representative loading conditions and matrix deformation may be extended to understand physiological cell strains, and thus provide further insights into methods of optimizing and controlling matrix metabolism, supporting research into tissue engineering and valve repair.
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